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PREFACE

This document refiects a complete revision of the ortiter powered flight
guidance scheme. A unified approach to powered flight guidance has been taken to
accommodate all phases of exo-atmoepberic orbiter powered flight, from ascent
through deorbit. The guidance scheme has been changed from the previous modified
version of the Lambert Aim Point Maneuver Mode used in Apollo to one that employs
Linear Tangent Guidar e coocepts. As such it supersedes the previous document,
"Powered Flight Guidance', GN&C Equation Document No. 11, Rev. 2, April 1972.
In addition, this docum«nt replaces the Jrevious ascent phase equation document
titled "Powered Ascent Guidance", GN&C Equation Document No. 1-71, January
1971.



FOREWORL

This document is one of a series of candicates for inclusion in a future
revision of JSC-04217 "Space Shuttle Guidance, Navigation and Control Design
Equations”. The enclosed has been prepared under NAS9-10268, Task No. 15-A,
"GN&C Flight Equations Specification Support”, and applies to functions 1 through
1 of the Orbit Insertion Guidance Module (OG1) and to functions 2 through 6 of the
Power Flight Guidance Module (OG2) as defined in JSC-03690, Rev. D, "Space
Shuttle Orbiter Guidance, Navigation and Control Software Functional Require-
ments"”, dated 'anuary 1973,

Gerald M. Levine
Division Leader, Guidance Analysis
NASA Progrems Department
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NOMEXNCLATURE

3 Specific force limit during SSME maneuvers
ar Asgu:nied thrus: acceleration for ith phasec
Cl Constants used to detine target (entr: interface)}
U, velocity comstraint, v = C, - C,
2 v 1 2 'h
(_‘l . Intermediate variable used tn determine sensitivity
LY
of Yd o lt
low
SSME
oS Vacuum thrust of sinete SSME. OMS, or RC> vnvine,  respectiveg
'R~
Ly, Totai assumed thrust for ith phase
L Graviiy vector
t
go 2
H Thrust acceleration integcral, / (t T/ m) v ds
t . 0
gu,t . P
H; 1'h clement of H. W/ e T dt
H .
go,i-1
1, Unit thrust vector
i Unit vectors relative to desired trajecto:ry plane:
N i, is radial along g1, 1is normal to desired trajectory
i, planc, and i is in the downrange direction. (i, =i » 1 )
iy t nit ve~tor in the direction »f the orontal ancular

momentum: vector normal to the transfer plane (sec Ret. 3)

L Unit vector in Jirection of r,

A



i, ]

Element subscript variables
t
go
Thrust acceleration integral, [ (€ Jm)t dt
tgo.i
ith element of J , f (fp/m) t dt
tgop i- l
SSME throttle setting, ith phase (1.0 = 100%)

Maximum throttle setting of SSME

Subscript variable referring to current phase number
t
i go
Thrust acceleration integral, f (fT/ m) dt
0

go. i
ith element of L, f (fT/ m) dt
tgo. i-1

Current e. .imated venicle mass

Mass at begzinning of ith phase

Mass flow rate of single SSME, OMS, or RCS engine, respectively

Total mass flow rate, ith phase
*«amber of thrust phases

Number of revolutions of coast (see Ref. 5)

tgo t

Thrust acceleration ircegral, f [ (tp/m s? ds at
: 0

-go, 1 t
ith elenent of P, f f (f.I/m) s? ds dt
tgo. i-1 tgo.i—lt

Thrust acceleration integral, go [ (f.ll m) s ds dt

tgo.i t
ith element of Q, f Ji (tp/m) s ds dt
'go,i-1  tgo,i-1



r Vehicie position vector

T pias A position bias to account for effects of a rotating thrusi . .tor
{Cpias “Lgo ~ Ethrust

ra Vehicle position vector at beginning of gravity computation
coast segment

T2 Vehicle position vector at end of grawnity computation coast
segment

r4 Desired terminal (cutoff) position

ry Desired radius magnitude at terminal (cutoff) position
Position-to-be-gained i i i s

r go osition-to-be-gained including bias (_r; thrust reflects true
position~to-be-gained)

5.:0:&_\' Projection of r go on plane defined by i x and 1}_

¥ goz Component of r g0 along i_ (downrange)

r grav Second integral of central force field gravitational acceleration over
thrusting maneuver

Ty Predicted terminal (cutoff) position

Lot Position on reference trajectory at tire tref

r, Target position in inertial coordinates

Lier Entry interface target in Earth fixed coordinates

L iurust Second 1ategral of thrust acceleration vector over thrusting

maneuver



t t

go
S Thrust acceleration integral, I f (g {m)ds dt
0 0
g £f Switch indicating whether engine-off command has
engol been issued {= 0, command not issued
mis8ued . 1:1, command issued
s guess Switch set by Lambert routine indicating type of solution (see Ref. 5)
teo.i t
S. ith element of S, f ] (f../m) ds dt
1 t .t
go,i-1 'go,i-1
Ascent, standard
Ascent, reference trajectory
Ascent, Lambert
s Maneuve ode Ascent, once-around abort
mode : rm

Ascent, retwurn-to-launch-site abert
On-orbit, external delta-v
Gn-~orbit, Lambert

On-orbit, deorbit

C ~ MmO W N e

s ’ = 1 first active guidance call
passl | =0 not first ective guidance call

s pert Gravity perturbation switch ( > 0 for non-Keplerian model)

0, constant tarust during phase i

S .
phase, 1 | =1, constant acceleration during phase i

. ‘ = 1, prethrust
spre Prethrust switch | = 0, active guidance
s proj Switch indicating whether the initial and target position

vectors are to be projected into the plane defined by i
(see Ref. .)

thrusting during ith phase

Ssoln Lambert solution type switch (see Ref. 5)

SSSME, i . .

s ’ Number of SSME, OMS, RCS engines, respectively, assumed
OMS, i i

5RCS, i

ix



t Time associated with r, v

‘b,i Estimated burn time remainirg in phase i
t Coast time between last and next-to- last phase for tank separation
ot Nominal cut-off time for reference trajectory e

t g0 Time-to-go until end of maneuver

t'go tgo of previous call

tgo,i Time-to-go until end of ith phase

tig Ignition time of first phase

tprev t of previous guidance cycle

t Time at target (point where terminal constraint defined)

u Iteration variable determined in Lambert Routine (see Ref. 5)

v Vehicle velocity vector

Ybias A velocity bias tc account for effects of a rotatine thrust
vector (¥, ..s ° Ygo ~ Ythrust )

Yel Vehicle velocity vector at beginning of gravity computation
coast segment

Y2 Vvehicle velocity vector at end of gravity conmiputation coast
segment

A Desired velocity vector at terminai (cutoff) pazition

Y4 Desired velocity magnitude at terminal (cutoft)  position

)_-'d Value of Ya resulting from perturbed time of flight



ex,i

—gO

goz

—go

Ygrav

Yref

At

N g
=* cutoff

Effective exhaust gas velocity for phase

Velocity-to-be-gained including bias. (v thrust Feflevis

true velocity-to-be-gained)

ust

Component of Xgo along -i—z {downrange)

Recomputed v to satisfy terminal constraints

go

First integral of central force field gravity acceleration over
thrusting maneuver

Velocity on reference trziectory at time tref
Velocity vector at target
Vatue of v ¢ resulting from perturbed time of flight

Projection of v . on horizontal plane

t

Projection of y_'t o~ horizontal plane

First integrai . (hrust acceleration vector over thrusting
maneuver

Projection of v ¢ on vertical

L

¢ on vertical

Projection of v
Desired inertial flight path angle at terminal (cytoff) positinn

Position offset used in gravity computation

Downrange component of terminal position errvor tused during
reference trajectory mode)

Guidance cycle time step

Value of t = used to define time to issue engine cutoff
command and terminate active steering computations

X1



At

Aty -
Av

Av

Ay sensed

AVouts

6t

cone

vgo

1>

1> 0

Change in t g0 used in throttling computations

Time interval before t

18 to start active guidance calls

Impulse velocity increment used in gravity .omputations
Change in v go

Total velocity change accumulated on accelerometers since

last reading

Total characteristic velocity to be imparted during the last
ascent phase by the OMS engines

Perturbation in coast time used in deorbit re~ rired v."locity
computations to determine sensitivity to coast time

Sine of half cone angle of ex.'usion (see Ref. 5)

~

Value of hx-go' defining prethrust convergence limit

Unit vector in direction of v 2o

Time derivative of unit vector coincident with )\ but rotating
wit.. lesired thrust vector turning rate, we

Pamping factor used in determining the change in Av go
Scaling factor in required velocity computations
.-b phase

Ratio of mass to mass flow rate {eor

Angle between v and i £

go



wye

Time rate of change of ¢

Desired thrust .ector turning rate

xiii



1. INTRODUCTION

1.1 Objectives and Requirements

The primary objective of powered flight guidance is to issue proper steering
and if necessary throttle commands during the thrusting portions of a mission such
that the desired objectives of the maneuver are satisfied in a reasonably efficient
manner. In addition, the navigated vehicle state vector must be maintained through
the maneuver. These are obvious requirements of the powered flight guidance pro-
gram. Additional objectives or requirements, which influence the overall design,
are listed below:

(1) The guidanc. program should be applicakle to all powered

maneuvers. This objective assumes that a single guidance
routine is less exoensive to design, code. and maintair in

a flight computer than several smaller routines. This gvid-
ance scheme, referred to as Unified Powered Flight Guid-
ance (UPFG), can be used for all exo-atmospheric orbiter
thrusting maneuvers, from ascent through decrbit. Future
versions of this scheme should probably include the atmo -
spheric solid rocket Loost phase for completness and to
minimize any difficulties in transition from one guidance
phase to the next. A complete description of the many types
of maneuvers possible with this UPFG routine is included
in the following section.

(2) The guidance program shouid be simple and fiexible. \ny

guidance program which must handle the manv types of nma-
neuvers required of the space shuttle orbiter, irom the
relatively high accelerations during ascent to the very iow
accelerations experienced with a single Orbital Maneuver.ng
System {OMS) engine, can probably not be classified as
truly simple. However, hy gp.soperly structuring the routine,
the various requirements can t.c handled efficiently and the
impact of new requirements can be minimized. This UP"G
routine :s structured such that communality of basic com-
putaticns is maintained with specialized operations per-
formed a~cording to the mission phase and desired maneuver
objectives. In addition, to minimize program size, maxi-
mum use 15 made of subroutines required for other Ga N

funccdons.
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(3)

(1)

The premaneu- <1 prodiction of th: mancuver Av require-~

ment should be reasonablv accurate. In order to assist the

premaneuver targeting process and make mission critical
decisions, the powered ilight guicance scheme must accur-
ately predict the maneuver & v, cspecially for long, iow ac-
celeration orbital maneuvers. This requiremen can have a
very significant effect upon the gridance algorithm design.
Many guidance schemss are based upon approximations which
become more accu! =% - as the man. . ~i- progresses. \l-
though these schem - may sausfac'. .- ily calculate steering
commands during the course of the maneuver, they may not
adeguately predict the maneuver Av. This unificc guicdance
scheme is based upon modifications to the Linear Tangent
Guidance (LTG) concept which improve overall accuracy for
both premaneuver targeting and guidance. This improvement
in the LTG concept was 3150 rzquired for one of the ascent
guidance modes so that engine throttle changes, which are
based upon an accurate prediction of the rerminal (cutoff)
state of the vehicle, could be properly calculated.

The guidance algorithm snhould satisfy primary maneuver ob-

jectives for nominal and perturbed conditions. When practi-

cal, the guidance scheme should close the guidance loop
around the tree maneuver consiraints, rather than a set of
artificial constraints based upon nominali conditions. For
example, during many on-orbit maneuvers the true con-
straints lie on the coasting trajectnry subsequent to the ma-
neuver. During the tericinal phase rendezvous maneuver

the objective is to intercept the target vehicle. During the
deorbit maneuver the true maneuver constraints are at eatry
interface, where a pre-dctermined relationship between entry
range, velocity, and flight path angle must be satisfied. It
is possible to determine a set of artificial constraints. :e-
fined at thrust cutoff. which wili satisfy the maneuver objec-
tives. However, the process of accurately calculatir: these
artificial constraints can significanily complicate the target-
inZ process. In addition. the artificial constraints would
necessarily have to e based upon a nominal coast trajectory

arter thrust cutoff. \ny perturbations during the maneuver
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could result in a loss of performance (i. e. the true constraints are
only partially satisfied) or an increase in total maneuver Av,
caused by trying to force the solution onto the nominal coast
trajectory at thrust cutoff. Furthermore, if the guidance

system satisfies true maneuver constraints then much of the
analysis aecessary to determine guidance software perfor-

mance under perturbed conditions can be eliminated.

(5} 1he guidance algorithm should produce near fuel optimal
maneuvers for nominal and per :bed conditions. The Linear
Tangent Guidance (LTG) Equations which form the basis for
the UPFG scheme are based upoa classical optimization theory
and appear to give excellent performance. However, it should
be noted that even a truly optimal scheme will use excessive

fuel if the ignition time is poorly chosen or the maneuver
counstraints resuit in an unnecessarily over-constrained ma-
neuver which could be more efficiently performed by using
more than one maneuver.

1.2 Tvyvpes of Maneuvers

From a guidance viewpoint, the orbiter maneuvers can be conveniently sep-
arated into two classes. The first class, ascent, is characterized by a constraint
on the vehicle altitude at thrust termination. The second class of maneuvers, oun-
orbit, does not require any constraint on the position at thrust termination. On-orbit
maneuvers are typically intended to place the vehicle onto any coasting trajectory
which sat.sfies a rendezvous intercept constraint or deorbi entry-interface condition.
In these cases any type of thrust cutoff position constraint would probably increase
the maneuver Av unnecessarily.

Each of these classes of maneuvers can be further subdivided into individual
maneuver modes with a particular set of objectives and a specified set of constraints
which meet these objectives. These individual modes are listed below:

(1) Standard Ascent Maneuver

This mode is intended for use during the ascent phase of
most miss 'ns. The insertion conditions are specified
preflight, and defined by a desired terminal (cutoff) alti-
tude, velocity, flight path angle, and orbital plane. Thus
all components of tne terminal state are specified except
the downrange component of position.

1-3



{Z¢) Ascent to Coast Reference Trajectory

This mode is intended for use on Mission 3B, a time
critical mission involving ascent, rendezvous, satellite
retrieval, and deorbit with return to the launch site one
revolution after liftoff. To satisfy the objectives of this
mission in the presence of perturbations and small launch
delays, the main engine throttles are used to improve con-
trol over the ascent and subsequent coasting trajectory.
Introducing the throtile command as one additioaal degree
of freedom in the guidance algorith™ makes it possible

to insert the orbiter onto a coast reference trajectory

at cutoff. This coast reference trajectory can be deter-
mined preflight to provide proper closing velocity with
the satellite for the rendezvous braking maneuvers.

f3) Lambert Ascent Maneuver

This mode can be used to insert the orbiter at a specified
altitude onto a coasting trajectory which intercepts a
specified position (target) at a specified time. It is
similar to the coast reference trajectory mode, except
that throttle commands for trajectory control are not
used. Therefcre, although the resclting coasting trajec-
tory doe= intercept the target, it does not guarantee

the prr &i closing velocity for sucessful braking. This
mode car ve used during the latter phases of ascent to a
coast reference trajectory, when g-limiting considera-
tions may override throttling. Since most per-
turbz'ions occur well prior to g -limiting, the coast
reference trajectory mode is designed to complete com-
pensatic n 1 .r perturbations prior to g-limiting.

During ¢ -iimiting, the Lambert ascent mode will main-
t»’ v intercept trajectory with only small deviations

in terminal rendezvous closing velocity. It shouid be
noted that nu additional code is required to support this
guidance mode, since it evolves as a natural result of
two other modes, the on-orbit Lambert maneuver and
the standard ascent.
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(4) Once-Around Abort

This mode is intended for use during the latter portion
of ascent in the event of an engine failure. The resulting
coasting trajectory insures that proper entry interface
condition® (range, velocity, and flight path angle) are
achieved for sucessful reenmtry. As with other guidance
modes. the insertion conditions necessary to satisfy
true maneuver constraints, such as at entry interface,
are recomputed every guidance cycle. Very little ad-
ditional code is required to support this mode, since it
evolves from a combination of the standard ascent and
deorbit guidance modes.

(5) Return-to-Launch-Site Avort

(Studies are currently in process to determine desired
thrust termination conditions).

(5) Externa. Delta~-V Maneuver

This maneuver is designed to guide the vehicle through
a constant attitude maneuver which achieves a specified
velocity change. This mode is used for small on-orbit
maneuvers, such as rendezvous phasing maneuvers. It
is similar to the Apollo External Delta-V maneuver
mode.

(7 Lambert On-orbit Maneuver

This mode is designed to insert the vehicle onto a

coasting trajectory which intercepts a specified position
(target) at a specifi~d time. This is typically a constant
attitude maneuver and is intended primarily for rendezvous
terminal phase and automatic braking . It is similar to

the Lambert Ascent maneuver, except that no constraint

is placed upon the vehicle altitude at thrust termination.
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(8) Deorbit Maneuver

This mode is designed to place the vehicle onto a coasting
trajectory which satisfies entry interface conditions. These
entry interface conditions are assumed to be defined by a
prescribed {possibly functional) relationship between entry
range, velocity, and flight path angle. This mode is simnilar
to the once-around cbort maneuver. except that nc con-

straint is placed upon the vehicle altitude at thrust termination.

The functional flow of the program will be described in the next section to
aid in understanding the general method employed in this guidance scheme. Foliow-
ing this, the rarticular equations and flow charts relating to the various modes are
presented in greater dctail.
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2, FUNCTIONAL FLOW DIAGRAM

JPFG is designed to be called by a Servicer Routine at appropriate
times during & powered maneuver. The first call can be made at any time prior to
active guidance calls. This first, or prethrust, call is different from the active
guidance calls in that certzin required parameters are initialized and the compati-
bility of tacgeting information is checked and revised if necessary. The {irst call
for active guidance is made at a specified time interval before ignition with following
calls made at periodic intervals through-out the maneuver.

During the prethrust call, an iteration takes place which recycles the rou-
tine, without advancing the state vector, until convergence of the required velocity-
to-be-gained takes place. During 2:tive guidance, however, a single pass through
the routine is made each guidance cycle call, incorporating sersed velocity changes
and updating accordingly.

This section will present the general functional flow of computations per-
formed L - UPFG. No attempt will be made herea to define the actual equations “sed
or to differentiate between the various modes of operation (other than to point out
that several functional areas are uot required by the External Delta-V mode). De-
tailed equations and flow charts will be covered in later sections.

The computational flow normally proceeds through nine distinct functional
groupings or blocks of computations after each entry into UPFG. (see Figure 2-1)
External Delta=V maneuvers, being less . \mplicated, by-pass two of these func-
tional blocks., Each functional block of comyatations results in the determination
of the values of specific variables or commands used by the fellowing functional
blocks. The equations employed within the blocks may vary depending upon the
various maneuver modes but the resulting output list from each block is the same,

The first block of computations encountered is either initialization (Block 1)
or update (Block 2) depending upon whether a prethrust or active guidance cycie
call is being made. In Block 1 the initial values of required variables are set and
the state is advanced on a coasting trajectory to the time when the first active
guidance call will be made. In Block 2, after the accelerometers are read, the
state is advanced based upon the sensed velocity change over the time elapsed since
the last accelerometer reading, The sensed velocity change is also used to update
certain other variables. Logic is included to exit the routine from this point if either
(1) an active guidance call is being made prior to ignition or (2) an active guidance
call is “.eing made after an engine-off command has been issued. Prethrust flow
does not use this exit path,



In the next block of computations (Block 3) the time-to-go remaining for
the maneuver is computed. This computation involves solving for the phase elements
of one of the thrust integrals. To avoid duplication these elements are saved to be
sumiied .u the next block.

Several scalar integrals relating to the thrust acceleration are computed in
Block 4. These integrals are needed in following computations to predict the cut-
off state and thrust direction.

Block 5 incorporates an input thrust turning rate or determines one for ascent and
abort modes, The turning rate is utilized to determine a unit thrust direction according
to 1.T'G concepts. In addition, actual contributions to velocity and position due to
incorporating the turning rate are determined and biases are computed which reflect
the differences between actual contributions and the necessary velocity-to-be-gained
and pos:tion-to-be-gained vectors. The biases 2re used in the routine to improve
prediction.

The steering biock (Block 6) remains to be determined. It must, however, set up
steering commands based upon the unit thrust directivu - ~mputed previously, taking
into ac: hunt autopilot requirements. This block of equations must differ ntiate
between prethrust and active guidance calls when making these computations.

Block 7 and 8, which are skipped in the External Delta-\" Mode, estimate
the effects of gravity over the thrusting trajectory and incorporate these effects
in the prediction of terminal conditions. Using these terminal conditions the
velocitv-tc-be-gained is revised to force the predicted target conditions to satisfy the speci-
fied target conditions, This revision is necessary to prepare for the next pass through
the routine.

Block 9, which determines and issues engine commands, is also to be de-
termined at a later date when engine characteristics are better defined. it also
must differentiate between prethrust and active guidance calls when formulating
these commands.

This completes one pass, prethrust or active guidance, through the rutine.
From this point, if a prethrust cell is being made and a change tou velncity-to-lLe-
gained greater than some limiting value has been computed, the flow returns to
the beginning uf Block 3. If the velocity-to-be-gained change has converged to less
than the limiting value, or if an active guidance call is being made, the flow exits
to the Servicer Routine to await the next call.
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Block 1

« Initialize variables
- Project stateto ‘ig -Atm

mirm
Prethrust A Active Guidance
&>
?

Block 2

- Read accelerometers
- Advance state

- Update required variables

1

(Prior to t. _ or after
cutoff cortfhand)

Block 3

- Compute elements of thrust integral, L
} Compute time-to-go

Block 4
- Compute thrust integrals: L, J,5,Q,P. H

1

Block §

- Determine turning rate
- Compute unit thrust direction
. Compute required biases

Block 6

- Compute and issue steering commands

Yes

V mode ?

No

Block 7
» Compute gravitational effects
Block 3

» Predict cut-off position
- Revise velocity-to-be-gained

—

]

Block 9

« Issue throttle and engine on/off command

legg—(Prethrust Only) 8-Recycle ?

Ye
¥
1T

Figure 2-1. Functional Flow Liagram
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3. INPUT AND OUTPUT VARIABLES

The Unified Powered Flight Guidance program is not designed to run inde-
pendently through-out the maneuver. It must be called periodically by the Servicer
Routine, t118t in prethrust and subsequently at the beginning of each active guidance
cycle. Son:e variables require input values at each call and soine variables are
modified internally requiring only initial input values. Thus, the input list for
UPFG can become complicated. Furthermore, certain variables optionally re-
quire input values (initially and/or subsequently) depending upon the maneuver mode
desired. In an effort to alleviate some confusion the input will be listed below in
two catagories: input recuired on the prethrust call and input required each active
guidance call. The first catagory will be further broken down into two groupings:
those inputs required by all maneuver modes and those inputs optionally required
by some modes and not by others. Variables that are modified internally only, and
whose values affect future UPFG computations,will not be listed =s input.

In addition to input which may be changed each call, a certain number of
constants are required to be preset. These constants are not modified during
program execution. They may be broken down into two catagories: universal con-
stants and program constants. Universal constants are those constants not related
to UPFG such as gravitational constants, earth radius, expected thrust levels,etc.
Program constants are physical parameters which are unique to UPFG such as con-
vergence criterion, iteration limits, etc.

Sensors provide another source of input. The values of certain variables
are updated by sensors on a continuous or semi-continuous basis. When a program
uses the value of this variable it obtains the current value existing at the time the
storage location for that variable is read. Sensors read and the variables they
control are listed below.

Many variables are modified and assigned new values during the prethrust
and active guidance calls. With common storage locations they could all be termed
"output''. The list below, however, contains only those variables, known to affect
other routines, that have been assigned new vaiues by UPFG. Those that only
effect subsequent calls to UPFG have been omitted.

For on-orbit maneuvers (modes €,7, and 8) the desired thrust vector turning
rate wg is required as input to UPFG. It is anticipated that this quantity wiil be
set to zero for External Delta-V and Lambert maneuvers, and computed in ihe de-
orbit targeting program (Ref. 3) to minimize Av for the deorbit maneuver. If necessary,at
a later date, an optimal iurning rate for the Lambert maneuver could be determined.
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Input -~ Prethrust Call Only (All Modes)

Symbol Definition
spre Prethrust switch } (l)' gz:::‘: “gsut1 dance
(
1 Ascent, standard
2 Ascent, reference trajectory
3 \scent, Lambert
S mode Mauneuver mode < 4 Ascent, once-around abort
5 Ascent, return-to-launch-site abort
6 On-orbit, external &v
7 On-orbit, Lambert
k8 On-~orbit, deorbit
n Number of thrust phases
tig Ignition time, first phase
t
r l State vector
.
SSSME, i .
SOMS. i ’ Number of engines (SSME, OMS, RCS) for ith phase
SRCS. i
3phase.i Phase switch, it phase ;(1): 22:::::: g::rc.:zsl:-ration
l’go Estimated velocity-to-be-gained —ector
mg Mass at beginning of phase i
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Input - Prethrust Call Oniy (Optivgil)

Mode Required Symbol Definition
1]2]3]4|s%6|7]8
x|x|x|x . t. Coast time between last and next te last phase
xlx]x]x ] tb.i Time remaining in ith phase
x |x|x|x . AVOMS Velocity change to be imparted by OMS phase
x ' xix{x ap Specific force limit during SSME maaeuvers
X |x{x|x _iy Unit vector normal to desired tra ectory
xlx|x|x ry4 Desired cutoff position
x x| x ry Desired radius magnitude of r ,
x V4 Desired velocity magnitude at cutoff
x L Desired fligiit path angle at cutoff
x : va Desired velocity vector at cutoff
X ref Desired cutoff time
x |x|x{x K1 Desired throttle setting for SSME for ith phase
x|x x|x i N Lambert unit normal to projection plane
i (see Ref. 5)
T' x| x x| x L Lambert number of revolutions (see
Ref. 5)
x| x| x Ssoln Lambert solution type switch (see
Ref. 5)
X x r, Target position - inertial coordinates
X p Fref Target (entry interface) -~ Earth fixed coordinates
x |x|x X |x tt Time at target
* i X G ' Constants in target (entry interface) velocity
X l b4 Cz’ congtraint, v, ® C1 - C2 AN
il fx X i x Wy Desired thrust vector turning rate

' Inputs for Mod= 5 are to be determined.
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Iput Required - \ctive Guid 1ce Call (All Modes)

Symbol Definition

S .
SSME l No. of engines (SSME, OMS, RCS) to be considered on
SoMS. k

‘ for current phase (kth phase)
SRCS, &

Program Coustants

Symbol Definition
s, . Sgp———t———.
€ cone Lambert required sine of half cone angle of exclusion
€\go Value of ]Alrgoldeiining prethrust convergence limit
Aty Time interval before tig o start active guidance calls
6t Offset in coast time used in deorbit requited velocity com-
putations to determine censitivity to crast time
Val i i i t
At cutoff alue of th used to define time to issue engine cutoff
command and terminate active steering computations
spert Gravity perturbation switch

Universal Constants

u Gravitational constant
fssmE
fovs Ful! thrust of single SSME, OM7, HCS engine
fres
K . Aaxirmum throttle setting of SSME
max
MSSAE
mO\lS Mass flow rate of single SSME, OMS, RCS engine at full thrust
Mees
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Senscrs Recuired

Sensed Variahle Definition
3 -l .
av sensed Total velocity change accumulated on accelerometers
since last reading
t Actual time when accelerometers are rezd {wili be
zssociated wiith state vector
OutEt

Output fro.a this progran: will be in the form of attitude and engine commands
and nav.gaiton state. These include:

Symbol Definition

- Steering command (TBD)

Ignition (engine-on) command (TBD)
Throttle command

Cutoff{ (engine-off) command (TBD)

State vector

ERLEESRNE B
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4. DESCRIPTION OF EQUATIONS

The guidance scheme presented in this document evolved from a rather ex-
tensive modification of the Linear Tangemt Guidance {(LTG) concept described in
flef. 1. The original LTG concept was designed for an orbiter ascent maneuver in
which tire thrust cutoff altitude, orbital plane, velocity, and flight path angle were
constrained to specified values determined prior to the flight. The current unified
scheme retains that basic guidance mode, the standard ascent mode as described in
the introduction. However, to adapt the LTG concept to the various shuttle maneu-
vers, from ascent through deorbit, several important changes were made.

First, the prograin was restructured to efficiently accomodate the various ma-
neuver modes and to permit the calculation or steering commands early in the guidance
cycle, thus minimizing the computational lag. Second, the addition of a required
velocity calculation toward the end of each guidance cycle was made. The basic
standard a2scent mode does not constrain either the downrange component of posi-
tion or the time of thrust cutoff, and therefore the subsequent coasting trajectory
can vary considerably depending upon ignition delays, atmospheric effects during
boost, engine perturbations or failures, and any other factors which might effect
the trajectory. By including a required velocity calculation every guidance cycle,
based upon the precicted cutoff position, the true maneuver objectives can be satis-
fied and the effects of perturbations minimized. The third important change to the
LTG concept involved the elimination of any cutoff position constraint for on-orbit
maneuvers. An aliernate equation, which uses the input vehicle turning rate, simpli-
fies premaneuver targeting and minimizes maneuver Av. The fourth change involved the
design of a new scheme for the prediction of the effects of gravity on the powered trajec-
tory. The original LTG scheme was not suitable for long, low thrust orbital maneuvers
such as deorvit. A new scheme, based upon a conic ccasting trajectory, appears to
give ;ood performance for all maneu.«~s. Finally, to support the ascent to reference
trajectory guidance mode, eguations were added to account for a rotating thrust vec-
tor. These additional equations improve the prediction of both the maneuver ti.ne and
cutoff position. They are required for proper calculation of throttling commands
during ascent, and they provide increased premaneuve. prediction accuracy in all
modes.

As described in Section 2, the Unified Powered Flight Guidance (UPFG)
Routine consists of nine tlocks of in-line computations connected oy the logic
necessary to perform either the prethrust function or the active guidance function
for the eight possible maneuver modes. A single entry and exit point are maintained
for these computations. This section will describe the computations required for
one pass, entry to exii, through UPFG.



Figure 5-1 shows the seque cing of the major computational block, Immedi-

pre * Iif
= 0 implies an active guidance call,

ately after entry into UPFG a test is made on the value of the switch, s
s pre = 1, a prethrust call is being made; sp!_e
For pretarust calls, initialization in Block 1 is perlformed. For aclive guidance

calls, Block 1 is bypassed and an update in Block 2 is performed.

4.1 Initializaticn (Block 1)

This blcck of computations provides the necessarv one-time initialization of
certain variabies required 0 set-up the prethrust calcuinrtions. These variables
include %, the maneuver phase ~cunter. It should be noted that the first phase of
each maneuver is denoted  "I'. Several switches are also set and the values of
variables which may be defined by input, depending upon maneuver mode, are
initialized. An initial value of Egrav is required, since the calculation of L ir
Block 5 occurs prior to the calculation of gravity effects in Rlock 7. To estimate
Loray * it iz assumed tiiat the acceleration of gravity wil! he equal to ils present
value over the entire maneuver. Then, if 1 one second maneuver is ass.med for

simpliicity,

- .. lur
LN -T2 =
Jraw < l - !3
later, in Block 3, after the mianeucer tin.c-to-ge 13 conputed, Egrav is adjusted
for the estimated maneuver time as follows,
12
to (new) 1
g_gra‘,(new) 1T previons L apay (Previous)
go ’
where t_ (previous) has beer zet to 1. On subsequent passes through Block 5 a
previous t go will have been set in the previous pass and the revision tn L erav wiil

proceesd normaliv,

Finally, the effective engine paramete -s for the array of engines to be used
during each phase, i - 1 to n. are determined. These engine parameters include
the total thrust (T,i , mass-flow-rate n'1i ., the exhaust velocity \'ex,i , the
initial acceleration R and the ratio of mass to mass-flow-rate T tor each

rhase of the maneuver.

The last operation in Block 1 advances the state i, r, vl fronm the “nput
valtes o the time when the “irst acu e raidance <u!l 1 ve » ade at, t - ‘ig - ._‘.tlo.
This is accor ptished by calling the Precision State Fxtrapolati - Kc¢ .tine (Ref. 7).
It should be roted that this sets up the prethrust operations as if thrusting is ex-
pected to commence at tig - Aty nstead of txl - M3t is small ths is not

expected to significantly affect the results and it simplifies the program, inel-



ternative would be to extrapolate the state to tig in the prethrust call and each
active guidance call prior to tig . It should be roted that this method of initializa-
tion, although satisfactory for on-orbit maneuvers, is not applicable to ascent.

In future revisions of this document a scheme which is satisfactory for both ascent
and on-orbit maneuvers will be included.

The computations now proceed to Block 3 since tne update (Block 2) is skip-
ped during the prethrust call.

4.2  Update (Block 2)

Rlock 2, which is skipped in the prethrust call, is the first block encountered
during each active guidance call, This block acquires the velocity change sensed
by the accelerometers and accounts for that velocity change by updating affected
variables to the time when the accelerometers were read. The routine which reads
the acceleromete.s and clock has not been defined but it is assumed that it
will require some sort of imtialization on the first call such that velocity changes
on succeeding calls can be obtained by differencing from a previous reading. Thus,
on the first call the velocity change is assumed to be zero.

To allow for a variable guidance cycle time step, the time step is computed
each cycle as follows,

at = t'.'prev

where t is the current clock reading at the time the accelercmeters are read and
tprev is the previous time the acceierometers were read. On the first active
guidance call At will be .czrly zero since tpr ey W3S set in prethrust to tig - At
the expected time of the first active guidance call. The variable tpre o issetto t
for use later.

The velocity-to-be-gained is updated using the velocity change sensed by
the accelerometers since the last guidance caii as follows,

Ygo (new) ~ S0 (previous) ~ AL grased

This gives an excellent estimate of the velocity-to-be-gained for subsequent guidance
calculations. Near the end of the guidance routine this value oi v go is adjusted
slightlv to account tor any changes in desired cutoff velocity and to preparz for the

next guidance cycle.

It should be noted that on the first active guidance call (denoted by s passl ~ D
AY censed is assumecd to be zero. Therefore, updating v go is bypassed under these
circumstauces and
AY sensed ~ 0
spassl s
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Next, the state, r, v, is advanced to the time of the latest accelerometer
reading by calling the Powered Flight Navigation Routine (Ref. 6).

The remainder of the update block, which is bypassed when t < ti g" results

in decrementing the t 20 values for each phase, i, by At

'go.i (new) ~ 'go,i (previous) ~ 3t

during thrusting. Also decremented are the current mass, m, and current phase
burn time ¢

m(new) = mi{previ~us) - n’lk At

%.k (new) * "h,k(pv-evitms) - at

if Yok be romes less than or equal to zero the end of that vhase has been reached.
Under tho<e circumstances a change of phase is performed by setting the tgr o
for the current phase to zero and then incrementing the phase number by one.

tok * Y

kinew)= K fprevious+1

It shculd be noted at this point that mass, m, has not been adjusted to reflect step
changes in this variable that may occur during a phase change due to such things
as tank jettison or staging. It is expected tht some routine external to UPFG
will maintain current mass following phase changes for use by both Guidance and
Control.

During the ¢ ast period between the last and next-to-last phases of an ascent

maneuver the coast time, t e’ is decremented b:- At.

tetnew) tc(previc::us) - Aat

No changes to mass which would account for externai tank jettison have been made
here as this function 1s assumed to be performed by a routine external to UPFG.
Burn times remaining are also assumed to be constant during the oast time.
Block 3 normally follows Block 2 during active guidance ¢ lls unless t < t, or

g

unless the th 1ist-off command has been issued as indicated by s 1.

engoff :
If either of these two conditions exists, all further computations are by-
rassed and UFFG is exited.



4.3 Time-To-Go

The UPFG program is designed to provide guicance for all exo-atmospheric
maneuvers, including ascent-to-orbit. The complexity of the time-to-go computa-
tions is dependeat upon the number of distinct t hrust phases in the maneuver. All
orbital maneuvers nominall y have only one distinct thrust phase (OMS constant
thrust), whil e an ascent maneuver will have at least three distirct thrust phases
(i.e. (1) SSME constant thrust prior to g-limiting , (2) SSME constant acceiera-
tion during g-limiting and (3) OMS constaat thrust after tank separation). The
equations that are described in this section are the equations required to compute
the time-to-go until maneuver completion for a multi-phase ascent maneuver.

The equations required for any single-phase maneuver are merely a subset of these
equations; in particular, they are the same equations that will be solved during an
ascent maneuver when actually in the final thrust phase of the maneuver ( OMS con-
stant thrust phase) .

To compute the time-to-go it is first necessary to compute estimates of
Kk* thrust accelera-
tion At K- effective exhaust velocity Vex. k* and mass to mass flow rate ratio, 1, ,

the current values of thrust magnitude fr. k- mass flow rate th

where k is an index refering to the current thrust phase. Estimates of ‘T K and
xiik are given by .

frx = KgSssmEe. k IssME * Soms, k foms * Sres. k frcs

m, = K. SgoMmE, k PssME * Soms, k Poms * Srcs, k TRCS
(N $o, A7 i+ Vex,x 2nd T are computed as follows

are < fr/™
Vex.k - T, Pk
1’l: = vex.kla'r.k

where m is the current estimated mass of the vehicle. If n"nk = 0, the ilast three
equations are bypassed and the previous estimates of A 0 Vex. k and T k are
used.

If there are two or more thrust phases remaining (including the current
phase), the assumed burn times, tb.i of each phase are used to compute the ve-
locity change due to thrust, I..i , that will be epplied during each phase i from the
current phase to the n-2 phase (n denotes the number of phases in the maneuver).

If phase i has constant thrust,
. -t 2
i b,

L - “'ex.il“('—ri ')



and if phase i has constunt acceleration
Li =2 s
where a is the SSME acceleration limit,

Since the velocity change to be applied in the nth phase, Ln . (after tank
staging) is predefined, the velocity change to be applied in the n-1 phase can be

determined by
n-2

L, = |v _I- .
37 1 2go! l}i b

where j - n-1and !go is the velocity-tc -be-gained vector computed in Block 2.
If there are onlv two phases remaining {k = n - 1), thrn

i. = Iy I-L
J —go n

where agiin j = n - 1. During the final phase of the maneuver Lj is given by

L * lig

where, in this case, j = n.

Having determined L., the burn time remaining in the ith phase can be
computed. If phase j has constant thrust

°l..[.V‘.
t, =T (l-e yoex.y
5 N

or if phase j has constant ccceleration

b, Lj/al- )

The time-~to-go until the end of pnase :, for i =k, .... n isre-

t 3 ?
go,i
quired in Block 4 in order to evaluate the turus! integrals 1., J, S5, Q, 1i, and P.

These times are given by

. T . + 1 i<n
tgo,x tgo,x-l tb,i or 1

and wherv 0 fori-.-k .

tgo.i-l

The time-te.~go until the end of the nth phase, which is the total time-to-go
until the end of the maneuver,is given by

‘g0 'gon gon-17 b T
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where t c is the coast time during external task separation between phase n-1
and phase n. Although t o 1S not actually part of the maneuver time, it is added
tc the time-to-go until the end of phase n in order to maintain continuity of the
steering commands.

4.4 Integrals of Thrust

The LTG guidance concept requires the evaluation of_several thrust integrals.
These integrals are defined as follows

t t t
(o] (o]
L= [ @Wma s [° [ [ fm ds]dt
0 o L %
g0 go | f
3= [ wmta Q- [0 | | wmsas|a
0 o Lo
t [t '|
0 (o}
A- [0 @mea p- [* U (t/m)s 2 as|a
o L

where (f/m) is the thrust acceleration, tg o 1S the time-to-go until the end of the
maneuver, and t and s are variah.es of integration. For the space shuttle
vehicle, it is assumed that either (f/m) is constant or f (thrust) and rh (mass
flow rate) are constant, therefore, these integrals can be integrated in closed

form.

The UPFG program is designed to accomodate multi-thrust-phase maneuvers
as well as single-thrust-phase maneuvers. Therefore, the above integrals must
be evaluated piece by piece since each thrust phase has a distinct thrust profile,
This is accomplished by evaluating the thrust integrals separately ior each phase
and then summing them up. The thrust integrals for each phase i are defined
as follows

-

(tgo,i th.i t
L, =) “’I‘.i/mi) dt s, = J i J “T.i/mi)ds gt
tgo. i'l tgo’ i'l tgo,i‘l
to. i t . [t
€0,1 go.i
J =I (fp ;/m)t dt Q - j (G ;/mp)s ds| o
'go,i-1 tgo,i-1  ‘go,i-1
tgo,i tg°.i t‘ 2
- 2 .
B - (tp, i/ m *° gt P J 6y ;/m)s® ds |at

tgo.i--l

ad

t .
gO.l-l go' i'l



where (£ i/ m, ) defines the thrust profile for phase i , and t__ . is the time-

£0.1
to-go until the end of phase i (note: tgo.i—l = 0for i< kb

The computation of the thrust integrals for each phase is performed in two
steps. This is done in order to minimize computer memory requirements and
computation time. In the first step, the equations vary depending upon the type of
thrust phase, while for the second step, the equations are identical for both types
of phases. Aiso, it should be noted that Hi is n-t explicitly computed. It can
be shown using integrativn by parts tnat H, which is the sum of the Hi's. can be
computed directly as a function of the time-to-go and the integrals J and Q. The
evaluation of L. has already been described in Sectior 4.3 because it isS required
in the computation of time-tn-go. However, for the sake of completeness, it will
be described again in this section.

Step 1 in evaluating the thrust integrals is to compute Li and then te com-
pute part of "i' Si’ Qi' and Pi . If phase i has constant thrust then

T i

L 'vex,iln ( T

.= L. T.- Vv . .
Jl i Ti ex,i tb,l

i

Si= Nt % Ly

_ 1 2
Q; ¢ 5T *t0,i-1) ' T Vex,i Ybui
2 1

- . 1 .
Pps Qlm* tg i 1) "7 Yexii .0 3 i " goi-1)

and if phase i has constant acceleration then

Li® 3 b%,i

- L
it Tl b
S, = J,
1 1
Q : s (+ st )
i° %3 i T Ygo,i-t

L 2 . 2

Py 5% ¥ 20 Yaaic1 T 3 tolicl e



In step 2, the remainder of Ji' Si’ Q1 and Pi are computed as follows

B = It Ly teo,iq1
§;= S*LY ;
Y YT Y5
Bp= PitH &

where L, J, and H are the total thrust integrals from the current phase to the i-Ith phase.
If i =n, the effects of the coast time, tc » between phases n~1 and n are then added
in as follows

Si = Si+Ltc
=t
Pi = Pi+Htc

Having evaluated the thrust integrals for each phase, the total thrust integrals
are given by

n n
L= I L, . J = T J
i=k izk
n n
s-=% 5 . Q= I Q
ik i=k
n
P—‘Ek P, . H=tg°J-Q

It should be pointed out that H must be evaluated as the total thrust integral
from the current phase to the ith phase for each riase because it is required in
the computation of each Pi .



4.5 Turning Rate

The main results of this block of computations are the desired unit thrust

direction, RY and a vector, A , which is associated with the thrust turning rate.

The first operation in this block is to define ), a vector in the directjon of
v go’ the velocity-to-be-gained. The unit vector, A, is the vector about which an
expansion is later rade to determine i - From this point one of four different

methods will be employed depending upon s mode *

The first operation in this block is to define A. a vector in the direction of

!-go ,» the velocity-to-be-gained. The unit vector, A, is the vector about which

an expansion is later made to determine i, . From this point one of four different

methods will be emploved depending upon Smode °

Modes 1 through 5, ascent and abort, follow closely the LTG method of de~
termining the rate A , by first using a desired burn-out position, r a- to estimate

r
—go = - -
Ego La L+ vy tgo * Igr:w)

which is estimated using r

The effect of gravity on this r o 1S given by r —grav

—grav
from the previous call as follows,

- . ( tgo(new) ) .
— -_— { AN
gravinew) tgo( previous) grav {previcus)
The projection of r go on the plane normal to the downrange direction, r goxy
is given by )
_iz = umt(}:dx _i_}_)
Tgoxy = Zgo~ G,- £go) 12

Using the integral, S, computed previously, the downrange component of r go can
be modified by the LTG relationship
(S

-Asr
- = —goxy
rgoz X3

)

1
-2

and a new r o 18 thuas found to be

g

= +r i, +r,.
Ego £goxy goz -z —hias

In this equation the effects of a rotating thrust vector are included by the term,
L bias’ whirh was computed on the previous guidance cycle in Block 5. The rate,
A' , which cnrresponds to the veiocity of the tip of a umt vecter coincident with A
but rotating with the desired unit thrust vector rotation rate is now obtained using
the integrals, L, J, S, and Q:

(£ =53

A Q-SJ/L1



Nhote war

1>

a
(0

For modes 6-8, a rotation rate, we is input and A is determined by

A : wpunit [(Ax ) xA ]
The predicted unit thrust direction at time, t, is given by
g = unit{A - (/L) A]

It is recognized that the results of integrating a rotating thrust vector can

be significantly different from r go and v go if the rotation angle is large.
The angle ¢ between _)5 , a unit vector in the direction of Xgo , and i £ the

unit thrust direction, is given by

6=cos’t (i, A)

Since the linear tangent guidance equations are designed to align A and the thrust
direction at the time J/L (J/L is approximately the midpoint of the maneuver),

then .
®o=-0oL[J

Based upon ¢ and ¢ the first and second integrals of the thrust acceleration are
given by

tgo .

- f 54) + A o .

= — [ A cos(o + 9t) +2- sin(o + ot)]dt
0 @ =

Zthrust N
go ;- A
f - == .
Lthrust ~ f J Fo[A cos{o+ot) + |.ﬁ fimo+ot))d dt
0 o

This can be simplified by assuming that

sin( ¢ + o.t) ~ o +¢;t
and
cos(o+ot)x 1 -(0+ ¢t)2/2
Using the thrust integrals computed in Block 4, the actual (considering rotation)

change in position and velocity due to thrust is computed as follows,

12 1
Vihrust - (L-3 Le -Jeo¢-3 H ¢

“(L & +J ¢)unit Q)

2y

~ .2 o1 -2
Tthrust ° (S'%b¢ 'Q¢¢"2'P¢ ) A
-(S¢ +Q ¢) unit (1)



thrust .and L thrust

and normal to A (parallel to A ).

It may be noted that v are resolved into components parallel

Biases to thrust cutoff velocity and position are computed by

Ybias = Ygo ~ Lthrust

Zbias ~ Lgo ~ Lthrust

4.6 Steering Commands

This block of computations is to be determined at . later date. It wiil re-
ceive the vector. A and A and determine steering commands based upon the unit
thrust direction as determined by an equation of the furm

i = unit [A - (J/L)A)

In order to issue steering commands to the autopilot, lead ternis mav be
added as required.

At the end of the prethrust call steering commands will *ake the form ~f a
corrmand to maneuver to the ignition attitude but during active guidance calis a
turning rate rnay be implied. Logic will be included to incorporate this and to acti-
vate and deactivate steering at the proper times.



4.7 Prediction of Gravity Effects { Block 7,

The solution of the LTG equations requires a prediction of both the first and
second integrals of gravity over the turusting maneuver. The technique originally
devised for ascent, and described in Ref. 1, was not appropriate for the long, low-
thrust on-orbit maneuvers such as deorbit. Therefore a new technique has been
devised which is applicavle to all maneuvers. This technique is based ugon a
coasting trajectory which is constructed such that it remains 'close’ to the powered
trajectory thre- zhout the maneuver. The effects of gravity on the powered trajec-
tory are then assumed to approximate the effects of gravity on the coasting trajec-
tory. Thus the Kepler (Conic State Extrapclation) Rcutine can be used to deter-

mine the required integrals of gravity. Figure 4-1 illustrates this concept.

Initial Coasting Trajectory

Coasting Trajectory for
Gravity Prediction

Figure 4-1. Prediction of Gravity Effects



To construct this special coasting trajectory. assume for the moment that
tite maneuver takes place in fieid free space. The initial conditions (t = 0) for the
powered trajectory are defined by r and v. The . st and second integrals of
the thrust acceleration over the powered maneuver, v, .., and r,. ., . are de-
scribed in Section 4,5 . Therefore, at thrust cutoff "he position and velocity on the

powered trajectory are given by

= + +

L cutoft LA ¢ tgo L thrust
= v

Y cutoff Y% Xthrust

'

where t - is the maneuver time. The resulting trajectories in field free space
are illustrated in Figure 4-2, where coasting trajec*ories simply appear as straight
lines.

— Initial Coasting Trajectory .~

Coas"ing Trajectory for
Gravny Prediction

Feutoff* ~cutoff !

Figure 4-2, Prediction of Gravity Effects - Field Free Space
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The initial state (t = 0, r, ¥} andeummte(txtgo. I cutoft* ¥ cutoft !
in field free space are completely defined. A cubic equation can be used to model
the state vector om the powered trajectory as a function of time,

A+Bt+Cct?+Dd

B+2Ct+3Dt%

£P(t)
yplt)

where r ,(t) is the position. The velocity ¥ pit) is equal to d_gp(t)l dt. The
four vector coefficients, A, B, C, and D can be determined such that the boundary
conditions on position and velocity at the initial and final times are satisifed. It
shouid be noted that in actyal practice it is not necessary to actually solve for
these coefficients. They are merely used to aid in describing the concept.

A coasting trajectory can now be constructed which remains ‘close' to the
powered trajectory. The position on this coasting trajectory r (t) is defined by
the linear equation

r=A"+B t

The velocity !c(t) is constant and equal to B'.
To determine A' and B', the following integrals must be satisfied.

t
[E
J T -rpm e - 0
I'tg° -
1 £ 0 - £p(® 1ty -t1dt = 0

Since gravity is strictly a function of position, the first integral insures that the
average position difference (or error) is zero. In addition, since errors in the
initial position (and gravity) have more time to propagate and thus have more in-
fluence on the total position er.or, the second integral weights the error as a func-
tion of time. Using these integrals, the initial position A' and the initial velocity
B' on the coasting trajectory can be easily computed. Using A' and B', the initial
conditions for the cc 1~ting trajectory, r c1 and Yerr reduce to the following simple
form:

. L -
Zet © £ 10 Ethrust ~ 30 Lthrust g0
v . = yo8 Zthrust 1
-cl - 3 t 19 —thrust
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The Kepler Routine is used to extrapolate these in.tial conditions through the
time t go’ thus obtaining r c2 and v 2 Then the effects of gravity on the coasting
trajectory, which approximate the effects on the powered trajectory, are given by

Yarav = 2" Xar
Ferav - Zc2 " fe1 " Yo 'go

4.8 Velocity-to-be-Gained

A more accurate prediction of the cut-cff position is now obtained as follows,

r =r+vit

p go ‘Sgrav ‘Ethrust

For on-orbit Lambert and deorbit maneuvers (sm = 7.8} a desired

ode
cutoff pcsition is given by
Ed = r p
For aborts and ascents (other than reference trajectory) the thrust .utnff

altitude is constrained, therefore .
rg - rdumt(gp\

After determination of r d this block splits into three branches according to
mode: standard ascent, ascent to reference trajectory ard the remaining modes.

4.8.1 Standard Ascent, s = 1

mode
The required velocity at burnout, v d-'to satisfy the terminal constraints

for this mode is a function of the inputs: —iv +TqrVa- 7d . Since ry was alreadv
used to determine r,, the remaining three variables (1 vector and 2 scalars)
are utilized in the following manner

A, = unit(r )
_lz = _ix -ly
. T .
I»_lx sm)’d
Ya " Vq —é_v 0
Liz COS-d

Note that 1 and i define the radial and downrange directions with respect tn the
cutoff state. The original LTG equations, described in Ref. 1, used the current

veh:cle position to define these directions. This resulted in continuous rotation of
the desired terminal velocity. The input norrial to the tramnsfer plane, 1, is

directed in the oppcsite sense to the current orbital angular velocity vector.
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4.8.2 Ascent to Reference Trajectory (s = 2)

mode ——

The objective of this mode is to intercept a coast reference trajectory for
the single orbit rendezvous on Mission 3B. Throttling of the Space Shuttie Main
Engines is used to increase the number of guidance control variables (i.e., degrees
of freedom) hy one, and thereby enable the guidance algorithm to cortrol the down-
range component of position at insertion.

The following process is used to accomplish this. First, the Conic State
Extrapolation Routine (Ref. 4) is used to extrapelate the reference trajectory state
tromﬂneinpntvalnes(gref.!rd)toﬂnepmdictedﬂemstcutoﬁtimet*rtgo. 114
should be noted that for proper operation of the guidar.ce equations during the initial
passthmgh&epmgrm.itisassumedthatthemrefemeesute(srd.!m,)
corresponds to the nominal time of thrust cutoff determined from preflight simula-
tion). Tl\eextrapolatedsm(_l;d. !d) can be used to determine the error in the
dovnrangemmponentofposiﬁmatcumﬁ‘[jz-(gd-gp)L The other components
of the extrapolated state (r ,, v , ) are used to update v and_x;go on the sub-
sequent guidance cycle.

Using this error in downrange position, it is necessary to determine a chang2
in the time-to-go which drives this error to zero. Based upon the simplifying as-
sumption of a flat earth and constant acceleration, it can be shown that the change
in relative position Ar, regulting from changes in t__ is given by

go

go
dar, ~-i,-x
dt
go
Then the change in tgo necessary to drive the position error to zero can be deter-
mined from
i_-(r ,-r )
at = -2 —E —4 P

The new SSME throttle setting necessary to achieve this change in time-to-
gn is based upon the assumption that the maneuver velocity-to-be-gained is fairly
insensitive to changes in throttle setting. Thus

K = ~k'wk

k © oy At

where t, . is the burn time remaining in the current maneuver phase. The throttle
setting K; is limited to a maximum value K .
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On the last guidance cycle prior to the constant acceleration ( g - limited)
phase, the maneuver is converted to the Lambert asceat mode (sm ode - 3) and
ascent is completed in that mode. This is necessary since throttling for trajec-
tcry control and g -limiting may be incomgatible. However, use of an artifical

g -limit stghtly less than the true limit, or a slight relaxation of the g-1limit con-
straint could make it possible {with minor changes) to maintain the reference trajec-
tory throttling mode throughout the second maneuver phase prior to tank separation.
The Lambert ascent mode, however, will insure intercept with the target satellite
with only minor variation in closing veiocity.

4.8.3 Modes Requiring Lambert Solutions, Smode - 3.4,7.8

The remaining modes (with the exception of S mode - 6, External Delta-V,
which does not enter this block) require calls to the Conic Required Velocity Deter-
mination Routine (Ref. 5). This routine solves a Lambert problem to determine
the initial velocity required to satisfy certain terminal constraints.

The straight Lambert modes, ascent and on-orbit (smode = 3,7) require
oue call to the Conic Required Velocity Routine to determine, v, . the desired
velocity to coast from the end of the maneuver to the target, Ty - in the given

time interval, tt- (t+ tgo |

Modes 4, 5, 8, abort and deorbit require atmospheric reentry with the
entry point at a constant Jocation relative to the rotating earth. It is assumed
that a constraint of the form mentioned earlier is required of the vertical, Ytv
and horizontal, Veh components of entry interface velocity v t-

&v = C1* Ca vy

For small entry angles (-1.0 to -1. 7 degrees) and entry velocities around 26, 000
ft/ sec this constraint is nearly equivalent to expressing the entry angle as a linear
function of the entry velocity.

The only remaining variable that can be adjusted to cause the entry point to
satisfy this terminal constraint is the coast time between cutoff and entry inter-
face, t, - (t+ tgo ). In other words, since tand t__are fixed by previous com-
patations, tt , the time at entry interface, must be adjusted. Using the currently
« ssumed tt and entry interface point relative to earth, r tef 30 inertial entry
interface position, r ¢’ is determined by a call to the Earth Fixed to Inertial
Routine. Then r,, r,, and the coast time (t, - t - t ) are input to the Conic
Required Velocity Routine to uwn'ain the desired velocity at cutoff, v d’ and velocity
at entry interface, v, . The entry interface velocity, v ¢ will not in general lie
on the constraint defined above but at some other point as shown in Figure 4-3.
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Horizontal velocity, *n

Vertical
Velocity

-i-rt = unit (_{t)

Yo < it
Y " TV g |

By evaluating Cie

we find that, in general C, # C, and therefore, v, does not lie on the constraint.

Thus we must vary t, by some value such that C, . goes to C, - Inorder to de-
termine the sensitivity of Clc to changes in tt we repeat the call to the Conic
Required Velocity Routine with t, perturbed v a small 6t. Ina manmner similar
to before a new point (Vs » ¥ty ) is found on Figure 4-3. The factor

S‘Cxc

o=
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represents the required change in Clc {necessary to extrapolate Yiv and Veh to
the constraint line) divided by the change in Cl c experienced by perturbing the
entry interface time by 6t . It is used to extraplate values for the entry interface
time, "t and desired cutoff velocity, v a which should result in near satis-

faction of the constraint,

tt(ne') = tt(previons)*" bt
Y dtnew)~ Ld(previous) * ¢ L Y d (previous) I

The accuracy of this technique depends upon how much the region over
which the extrapolation takes place varies from the linearized assumptions. Each
guidance cycle, however, should bring the extrapolated point closer to the constraint.
4,8.4 Revis v go

Changes in desired terminal velocity, ¥4 affect the predicted terminal
position (and desired terminsal velocity) oun the subsequent gm jance cycle, If this
effect is ignored, the desired terminal velocity is over corrected and a small
oscillation in desired terminal velocity is induced. To eliriinate this over correc-
tion, a damping factor, p, is introduced for modes 4, 5, 8 as follows:

av_ = pt )

go ~ P " Xgo

where v go is the new velocity-w-be-gained assuming no damping and is given by

¥'go Yerav * Ibias

The damping factor is computed by making use of the approximate partial
derivative of desired velocity with respect to terminal position

— -
1
tt-t-fgo 0 0
v 1
—d
'™ 0 - 0
bgd %.-t-tgo
0 0 e
. t go —

where t - t-t g0 is the coast time from cutoff to entry interface. It can be shown

that
1
8= :

1+_r_.8&._‘.
2 tt -t

tgo
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-

Note that initially 0 < p< 1 and p goes to one at the end of the burn.

Velocity-to-be-gained for the next pass tarough the routine is now revised
by

Ygo © Tgo T ¥go

4.9 Throtitle Commands

The throttle setting, Kk.fortheSpaceSImttleMainl‘hgineandmeengine-
on/off commands are issued by the 1ast and as yet to be determined block of
equations. The throttle setting will be assumed to be input each cycle for the ac-
celeration limited phases or will be computed in the required velocity block of the
previous cycle for Mode 2 (Reference Trajectory). The array of switches, SeSML, i *
SOMS.i °* andsncs_i.winbeutilizedtodeterminewhichenginwwiubeoperaﬁng
‘n each phase.

During the prethrust call, on the last iteration to convergence engine igni-
tion commands for &, will be issued. The appropriate time to issue these com-
mands will be determined by the conditions: Spre =0, At=0.
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S. DETAILED FLOW DIAGRAMS

This section contains detailed flow diagrams of the computations and logic
used for Unified Powered Flight Guidance. The overal! flow is illustrated on the
first diagram (Figure 5-1)which shows the nine blocks of computations connected
by the necessary logic to form a single routine, UPFG. One entry and one exit
point exist for UPFG with internal branching, as indicated, to perform prethrust
or active guidance for the various maneuver modes.

The following diagrams (Figures 5-2 through 5-10) further detail each of the
nine blocks of in-line computations of UPFG.




PROGRAM

UNIVERSAL CONSTANTS CONSTANTS INPUT VARIABLES
[T 3N f$ME. fOMs: tRCS' € cone’ evgop AttO’ (Dependent upon gnidance mod
K_max' MesME® TOMS® 6t, Spert’ At toft See Section 3 for description
™Rrcs of input. )
( Prethrust) {Active Guidance)
Block 1 Block 2
Initialization Update

s

pneranil—

Jlock 3

Time-to-go

!

. lock 4

Integrals of Thrust

v

Figure 5-1a, Main Routine
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Block 5
Turning Rate

Block 6
Steering Command

= Yes
mode 6

Neo
Block 7
Gravity Effects

l

Block 8
Velocity-to-be-Gained

Block 9
Throttle Commands

EXIT

Figure 5-1b, Main Routine (Cont.)
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ENTER Block 1

l

k =1 m = lno.l
=0 Ipias = O
in T 4voums Lret ~ L4
ar = 0 Yret = Xa
i =1 t =1
s = 1 8 -1 et
passl . fgrav T T2 ur/ic
uess t 0
P go.0
proj =
s =0 p =1
engofi
T.i - SssME.iXi'ssMmE * ®ons,ifoms * °Rcs,i fRes
W SgeME.i Ki MssME * Soms, i Tons * SRes,i PRCs
v . = -
ex, i fT'i/, m,
ar; * fr,i/ Mg
T T Vex.i / a1,

e

Call Precision State Extrapolation Routine (Ref. 7)

lput:  rlrgl.xlvyl.t ], (, = Bty M el et

%

t = '.ig - Atto

|

EXIT Block 1

Output: r{rp]. vl vyl

t
prev

Figure 5-2. Bblock 1 - Initialization
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ENTER Block 2

Read Accelemmetérs and Clock (TBD)

Output: A!sensed’ t
At = t- tprev
tpre\r =t

= &y - ?.
—go —~sensed
[ Spass1 0'
Call Powered Flight Navigation Routine (Ref. 6)
Input:  r{rW].vlv0].At 8y _ ..o 8(80].
Spert
Output: rirt+at].vvit+At)].gl(tra0)
No
X

Figure 5-3a. Block 2 - Update
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<4

m o= m-

thk - k"t

mkAt

Yes (Change Prasa)

\"7 1

x|
|

—

gc.k =0
X T K
k]

Y

EXIT Blocx 2

Figure 5-3b, Block 2 - Update (Con:, )
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ENTER Block 3

)
fr.x - SssME.x Mx'ssuE * ®oms. & foass * *resx 'Res
B * Seour x Ky PssME * *OMs. k Poas * *RCS. « PRCS
o RN AU
'ex.kzt"' sl my
' Tk vex.lrl b J
[r_g——

r
"
o
'l
o

Figure 5-4a, Block 3 - Time-To-Go



Yes

i=iel

EXIT Block 3

Figure 5-4b. Block 3 - Time-To-Go (Cont.)



Block 4

ENTER
ik )
L:-0 H:0
30 P:=0
s- o0

{Coustant Accel. )

- A

"N I 24N

$; r Sith 1
Q ) Q * S;i3%.i* teo.i-t
P - Qir.+t_ ._) i

2 !i i go.xz-ll Pi Ssi“go.i * go. i

v . [ - _+ 2 . l o
" Vex.ibr! Thhi * goi-l teo.i-1 ¥ *iga.i-1 ! |

L

z v LoV

Figure 5-5. Block 4 - Integrals of Thrust
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ENTER Block s

A= woumitfAx rd)x A} i

= ~go
1.2.3‘4.5 6-708
r Smode

= S 2 {
Lgrav = (tgoltga)sgrav ;
Leo ° Ed'(s"'-“go*sgnv)
i, = umitlyxi)
fgoxy * Lgo Ur” Igo'ls

S-2-r ) ‘
Teor ° —
= z

Ego = Egoxy+rgot—il+£bias
. (r__ -S1)
A - —B -
- Q-SJ/L)

'.

Lbias

unitf A~ (/L)X |
-1,

cos " (i - A)

-9 LjJ

w-Lre?-gee-Jue?)

~(L o +Jg)unit())

s-35e2-Qes-FPo?)2

~(S 6 +Q # )unit (X}

Ygo ~ Ythrust

-'-'go " Lthrust

#

EXIT Block 5

Figure 5-6. Block 5 - Turning Rate
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ENTER Block €

Determine unit thrust ¢ vztion b..ed upon:
ig= witfd- /LAY

(Last Prethrust Cycle)Yes
o

No (Prethrust)

Y

{Active Guidance or
Last Prethrust Cycle)

No {Active Gnid_gce)

!

Determine and issue initial Determine and issue steering
attitude orientation command commands for active guidance
based upon wnit thrust direc- based upon unit thrust direc-
tion, i £ tion, i £
(TBD) (TBD)
EXIT Block 6

Figure 5-7. Block 6 ~ Steering Command




ENTER Block 7

l

Ar, = -L r - -l-—v t
—c 10 —~thrust 30 —thrust go
- 8 .
AY. * 5 Tthrust! tgo 10 Lthrust
fex ® Etar,
Yol = Xvax,

Call Conic State Extrapolation Routine (Ref. 1)

Input: :clEol. Ecl[gol. tgolAt 1
Output: T e2lrlh -‘-'czl‘-"

Ygrav Xe2 " Yo

£gra\° LN Tl P T P Y | tgn

&

EXIT Block 7

Figure 5-8, Block 7 - Gravity Effects
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ENTER Block 8

(On-orbit, Lambert,Deorbit} 7,8 % 2 (Ref. Trajectory)
mode
(Ascent, AMMLS
t <A Yes -
LRl £d=rdunit(£p) .k

No

Call Conic State Extrapolation Roatine (Ref. 4)
Input:  r,  l7gl¥ ol¥ql &+t -t PIAt]
Output: r g[!‘_], - v}

i

ar, = —f:' (zd-sp’
Vgoz * 21z° Zgo
at = -2Arz ngz
Kk =-—KL£!I+L-—
‘b.k Atgo

U & &

Figure 5-9a, Block 8 - Velocity-To-Be-Gained
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(RTLS . '
Abort) ._Ef_ﬂ(l? K,
Ab_—.,

(Abort,
Deorbit) '

Call Earih Fixed to Ay 7 ounitle Y Y et
Inertial Routine (TBD) . Rev ° 0 !

- = '
Inpat: by Lier g lzql .
Output: r, Spode = 3 i

L———.‘ RTLS required Call Conic State FExtrapolation (Xautine (Ref. 1)
velocity calcula- RN

tion (TBD) Input:  r_ (roly Vol tt - At
T
Output:  r,[c]

Figure 5-9b. Black 8 - Velocity-To-E. Gained (Cont, )
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Call Conic b { ‘

Inpat:  EGlEgLE T, (G tttAth n .8
‘! ll'.‘(““!.‘l. ‘m. apojo _i_“

Outpet: v, (vol- ¥, (73} ® '

guess

(Lamberts) 3.7

n.cde

4,5,8 (Abort, Deorbit)

int

= nnit(_l;t)

Voot et Nt

et IE Yol

Cie "o C2%mn

Calt Conic Required Velocity Routine (Ref. $)

Input: r,lrgl el )iy ¢ ﬁt-t-tp)[At].
Brev ’soln’sgms' “hgnessl"cone'
Sproj*Ix

Yot det

Y T I Vil
S U T

(v;v - v") - Cz“’m - 'th)

[ 23

=t .0 6t

¥grolry-sg

2

Figure 5-9c,

- i

EXIT Block 8
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ENTER Bioct "

\No
=at utoff —

go c

Yes

Determine engine-off time as function of
I(t + tgo) and engine characteristics (TBD)

m—

|issue engine-off command |

S engoff =1

No (Prethrust)

Yes ({(Active Guidance or
Last Prethrust Cycle)

[ Determine throttie setting for "g - limiting” (TRD |

3

l Issue throttle command

No (Active Guidance)

At = 0, -

d
s

Yes (l.ast Prethrust Cycle)

Issue engine-on command, tig

J

EXIT Blook 9

Figure 5-10. Block 9 - Throttle Commands
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6. SUPPLEMENTARY INFORMATION

Several details of the UPFG program require further study or definition,
They are listed below, not necessarily in order of importance.

6.1 Talg_gfg Assistance

Since the deorbit maneuver may be a long, low acceleration burn with a
single OMS engine, traditionsl targeting techniques based upon an impulsive ma-~
neuver are not adequate. The powered flight guidance routine must assist the
targeting to determine the Av required for the finite thrust maneuver and compute
the optimal ignition time. Thus an additional lagical path through UPFG program,
very vimilar to the prethrust path, should be included in future revisions. This
path could he used iteratively by the deorbit targeting program to search for the
optimal ignition time resulting in minimum Av.

6.2 Return-to-Launch-Site Abort

Considerable effort wiil be required to define the thrust cutoff condition for
successful RTLS abort maneuvers. Requirements on dynamic pressure at ex-
ternal tank separation, orbiter glide back capability, maximum loads, maximum
vehicle turning rates, fuel depletion requirements, and 6ther factors enter into
the development of RTLS powered maneuver constraints,

6.3 Ascent Initialization

The problems of efficiently initializing UPFG during an ascent maneuver
have not been addressed in sufficient detail. It is probably desirable to include
the boost phase guidance in the overall UPFG scheme. This should simplify
somewhat the initialization and transition from the relatively simple atmospheric
phase guidance to the explicit LTG concept used in UPFG. The problems associated
with changing maneuver objectives during ascent due to engine failures have not
been explored. The best method of switching from a standard ascent maneuver to
some abort mode must be determined. The reader should no’e that the prethrust
process described in this report is primarily tailored for tke on-orbit maneuvers.

6.4+ External Tank Disposal

The implications and requirements of the external tank disposal require
further study. In this document, it is assumed that tank separation will take place
during a short coast phase after the ascent velocity-to-be-gained has been driven
to a prespecified value { < 150 fps)., Then the OMS engines complete the ascent
maneuver. If this technique does not insure a suf’iciently accurate external tank
impact, then further refinement will have to be considered.



If the OMS maneuver following tank separation is sufficiently large ( =~ 300 fps)
such that the length of the OMS maneuver is comparable in length to the phase from
SRM separatiua to tank separation, then tne guidance equations must be modified.
The multi-phase LTG equations, which result in a linear vehicle pitch rate, are
not optimal for an acceleration profile with a high initial acceleration and a very
low final acceleration. The final OMS maneuver could probably be treated as a
constant attitude phase without unduly complicating the equations.

6.5 Compensation for Non-Keplerian Gravity Effects

No attempt has been made to include a technique for compensation of non-
Keplerian gravity effects in this initial version of UPFG. Further work is re-
quired to determine whether this compensation should be accomplished during
premaneuver targeting or during the maneuver. A combination of preinaneuver
compensation with small adjustments during the maneuver will probably produce
good accuracy with 1 "aimal code.

6.6 Ascent Mareuver Phase Changes

The ascent maneuver is divided into several maneuver phases, which may

include a constant thrust phase, a constant acceleration phase, a final OMS phase,
and possibly a phase with an assumed SSME failure. Transition from one phase
to the next may be a function of acceleration, time, or velocity-to-he-gained,
To solve for several integrals of the thrust acceleration over the total maneuver
time-to-go, the times at which phase changes occur must be prespecified or cal-
culated. Since mission perturbations may alter these times, it may be desirable
to modify them during the maneuver based upon sensed acceleration.

6.7 Steering Commands

The development of steering er-iations to generate comumands for the control
system is incomplete. The steering equations will combine desired vehicle atti-
tude, desired vehicle rate, and sensed acceleration to produce 2 steering command.

6.8 Throttle Commands

An algorithm tc estimate current acceleration aid calculate an engine thrc;ttle
setting for the constant acceleration ( g -limited) phase of asceat has not heen
developed. The frequency with which these commands must be issued, to prevent
a sawtooth profile, and the engine response to commands should be ecvaluated to
develop this algorithm.

6,9 Vehicle Mass Estimate

The naintenance of the estimated vehicle mass should be accormnplished ex-
ternal to the UPFG program since this information is also required by the control
system software, In addition, step changes in the vehicle mass due to events
such as tank disposal or satellite deployment will obviously have to be handled
eisewhere, However, for completeness, an equation has been included in this
document (Block 2) to decrement vehicle mass for simulation purposes.
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6.10 Engine Failcre

The failure of an engine during any mission phase could possibly be detected
through changes in sensed acceleration, however it is assumed that more reliable
information will be available from the performance monitoring system. Therefore,
the UPFG equations have been written with the assumption that an external routine
will notify the UPFG routine of changes in enginc status through the input swtches.

6.11 Throttle ng

The ascent to reference trajectory guidance mode requires use of the SS\E
throttles. To make the proper adjustments in engine throttle settings, the cur-
rently cominanded throttle settings are used in comtination with nominal engine
performance data. To compensate for engine performance perturbation and throttie
non ., arity, i1t ma, be desirable to use sensed acceleration information. However,
this will introduce problems due to both guidance computational delays and engine
throttle response. Thus this problem requires further study.

512 ‘Altérnate Input Schemes

The input list for each maneuver mode, described in Section 3, has been
designed witk the intent to minimize the size of the flight program. A certain
amount of ground calculation is required for the ascent guidance modes, however
on-orbit input i5 consistant with current CSDL targeting concepts. Future revisions
could include alternate input schemes for ascent maneuvers which may be easier
to use but place additional calcul:..'on burdens upon the guidance computer.
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